To ensure appropriate angiogenic responses, excessive induction of tip identity is repressed by DLL4-Notch-mediated lateral inhibition [6] [7] [8] [9] [10] [11] [12] [13] . During this process, VEGFR activation promotes up-regulation of the Notch ligand DLL4 in emerging tip cells, which trans-activates Notch in neighboring cells. Elevated Notch activity promotes down-regulation of VEGFR-2/3 function, rendering laterally-inhibited cells less responsive to VEGF signal ( Figure 1A ) [6] [7] [8] [9] [10] [11] [12] [13] .
RESULTS AND DISCUSSION

Biphasic temporal control of angiogenesis by the Vegfr-Notch axis.
To ensure appropriate angiogenic responses, excessive induction of tip identity is repressed by DLL4-Notch-mediated lateral inhibition [6] [7] [8] [9] [10] [11] [12] [13] . During this process, VEGFR activation promotes up-regulation of the Notch ligand DLL4 in emerging tip cells, which trans-activates Notch in neighboring cells. Elevated Notch activity promotes down-regulation of VEGFR-2/3 function, rendering laterally-inhibited cells less responsive to VEGF signal ( Figure 1A ) [6] [7] [8] [9] [10] [11] [12] [13] .
As such, DLL4-Notch coordinates collective movement of sprouting EC populations, and loss of Notch results in EC hyper-sprouting in-vivo. However, we have little-to-no understanding of the underlying temporal features of these decision-making processes. Indeed, lateral inhibition is considered relatively slow, taking upwards of 6 h to complete multiple cycles of gene expression needed to amplify initially small differences in input signal [14, [16] [17] [18] [19] , which is seemingly incompatible with the rapid dynamic changes in EC state, identity and behavior observed in angiogenesis [20, 21] .
To define the timing of EC decision-making in-vivo, we probed the dynamics of lateral inhibition-mediated motile EC selection during zebrafish intersegmental vessel (ISV) angiogenesis. Live-cell imaging of ISV sprouting in Tg(kdrl:nlsEGFP) zf109 zebrafish embryos revealed that lateral inhibition defines a tight temporally restricted selection window that robustly generated two motile ECs per vessel by 24 hours post fertilisation (hpf; Figure 1B -1C). Importantly, Notch signalling critically closed the window, as in the absence of dll4 the rate of EC selection did not initially change, but simply continued unstopped ( Figure 1C-1D ).
Unexpectedly, Vegfr levels determined the number of ECs selected within the window, as loss of flt1 to enhance Vegfr signalling increased the number of ECs selected to sprout, but all were selected within the normal temporal window ( Figure 1C ). Likewise, the opposite was Monitoring of signalling dynamics in simulations confirmed that Vegf levels determined the number of selected ECs by modulating the speed of selection within this time window with the model interestingly predicting this is due to the control conditions being suboptimally slow at selecting within this short time window compared to flt1 KD ( Fig 1C) .
Importantly, differences in Vegfr-dependent selection rates were not associated with differential EC proliferation ( Figure. 1E), although a later switch to Notch-dependent mitosis was revealed by dll4 knockdown. Moreover, proliferation had minimal effect on overall EC numbers, with both the initial rate of Vegfr-dependent EC induction and Notch-dependent closure of the selection window being the primary determinants of vessel cellularity ( Figure   1F ). Hence, we reveal that temporal control of angiogenesis is distinctly biphasic, involving (1) Vegfr-level-dependent selection of motile EC numbers, then (2) termination of further selection by Dll4-Notch ( Figure 1G ).
Positive-feedback temporally regulates lateral inhibition network dynamics
The abrupt switch-like nature of the EC selection window at 24 hpf ( Figure. 1C ) suggested network ultrasensitivity, whereby a distinct threshold of Vegfr signalling both commits ECs for motile selection and triggers lateral inhibition. Hence, fluctuating Vegfr levels would determine the magnitude of EC selection by dictating how many ECs achieve threshold levels ( Figure 1H ). Such ultrasensitive responses are frequently driven by positive-feedback loops that amplify signal outputs to promote switch-like dynamics [25, 26] , but despite the recognized role of Notch-mediated negative-feedback in angiogenesis, the function/identity of positive-feedback modulators remains elusive. Using our previously validated ordinary differential equation (ODE) mathematical model of DLL4-Notch-mediated lateral inhibition [16] , which permits rigorous, mathematical interrogation of the bifurcation dynamics in this system, we probed the ability of positive-feedback to modulate the thresholding of EC lateral inhibition. In this model, two adjacent un-patterned ECs compete for selection as either a VEGFR-active DLL4-expressing tip cell or Notch-active laterally inhibited cell using the well-established VEGFR-DLL4-Notch negative-feedback loop ( Figure 1I ). We created a parameter P (see Methods) that creates a positive-feedback interaction whereby VEGFR increases the level/activity of an additional factor that positively feeds back to activate more VEGFR. Using previously defined reaction parameters [16,27- 29], we revealed that increasing levels of positive-feedback amplified small differences in VEGFR activity between coupled ECs to drive rapid reciprocal VEGFR/Notch activation, even at low VEGFR levels normally incapable at driving EC sprouting (Figure1J-1K and S1E-S1F). Hence, positive-feedback decreases the threshold of VEGFR activity required to induce motile EC selection and increases the speed of EC decision-making by invoking ultrasensitive switch-like behavior during lateral inhibition.
Vegfr-induced expression of tm4sf18 promotes positive-feedback
To support in silico observations we expanded upon our previous transcriptomic study [30] Figure S2 ), is known to modulate EC motile behavior in-vitro [35, 36] . Hence, tm4sf18 represents an ideal candidate positive-feedback modulator of EC motile identity. The highly dynamic nature Vegfr/Notchregulated expression of tm4sf18 was validated via qPCR upon inhibition of Vegfr signaling and dll4 knockdown ( Figures 2B-2C ), indicating that tm4sf18 transcription may be tightly restricted to sprouting EC populations ( Figure 2D ). This was confirmed following characterization of the spatiotemporal pattern of tm4sf18 expression during zebrafish development. During early ISV sprouting from 22 to 26 hpf, tm4sf18 expression was almost exclusively restricted to sprouting ISVs (blue brackets in Figure 2E ) and was excluded from adjacent non-angiogenic vascular tissues, such as the dorsal aorta (DA). Importantly, the absence of tm4sf18 in cloche (clo s5 ) mutants that lack endothelial tissues [37] confirmed expression in sprouting ECs ( Figure 2F ). Moreover, tm4sf18 expression was ectopically expanded to non-angiogenic tissues upon dll4 knockdown, demonstrating a tight association with EC sprouting potential ( Figure 2F ). Indeed, rapid repression of tm4sf18 was observed following fusion of adjacent ISVs to form the dorsolateral anastomotic vessel (DLAV) and subsequent termination of Vegf-induced angiogenic behavior (red brackets in Figure 2E ).
Hence, expression of tm4sf18 is dynamically modulated by the Vegfr-Notch axis and is tightly spatiotemporally restricted to sprouting ECs in-vivo.
To define tm4sf18 as a putative temporal modulator of Vegfr/EC signaling in-vivo, we used both TALEN and CRISPR/Cas9-mediated gene editing to introduce frame-shift mutations into the long (exon-1) or both long and short (exon-2) isoforms of tm4fsf18, respectively ( Figure 2G ). Importantly, the amplitude of Vegfr signaling in sprouting ECs was unaffected by tm4sf18 exon-1 and exon-2 mutation (data not shown), indicating that in the absence of Tm4sf18 ECs can still achieve Vegfr activity thresholds sufficient to drive EC motile selection. However, the temporal dynamics of Vegfr signaling were significantly perturbed in homozygous embryos ( Figure 2H-2L ). To test this, firstly Vegfr activity was fully blocked in ECs of sprouting ISVs that had already emerged from the dorsal aorta upon incubation of embryos for 3 h with the Vegfr inhibitor, ZM323881. Full disruption of Vegfr activity by ZM323881 was confirmed by a lack of immunoreactivity for pErk ( Figure 2I-2L 
Tm4sf18 promotes EC selection and appropriate cellularity of sprouting vessels
To define the functional role of Tm4sf18-mediated positive-feedback in EC decisionmaking in-vivo we quantified the rate of EC selection during ISV sprouting to reveal a significant reduction in tm4sf18 -/-homozygous embryos ( Figure 3A ). These observations were consistent with model predictions that in the absence of positive-feedback, fewer ECs achieved the Vegfr selection threshold within a defined selection window ( Figure 1J -K, S1E-F). In parallel, we noted that resulting hypocellular ISVs in tm4sf18 -/-homozygous embryos were often shorter ( Figure 3B ), an observation that was confirmed upon quantification of EC tip (cell 1) and stalk (cell 2) movement ( Figure 3C-3D ). This phenotype was reliant on mutation of both short and long Tm4sf18 isoforms, as exon1 homozygous mutant embryos were unaffected ( Figure S3A) , and was not due to indirect differences in ISV morphology ( Figure S3B ). Importantly, disruption of ISV extension did not appear to be a consequence of reduced EC motility, as movement of emerging tm4sf18 -/-homozygous ECs was initially indistinguishable from wild type and stalling was only observed later in development ( Figure   3C -3D). Strikingly, we observed a near-identical phenotype upon disruption of EC proliferation using hydroxyurea/aphidicolin [39, 40] (HU/Ap; Figure 3E ), suggesting common underlying defects. Although HU/Ap did not disrupt EC motile selection ( Figure S3C ; unlike loss of tm4sf18) and mutation of tm4sf18 did not disrupt EC proliferation ( Figure 3F modulates lateral inhibition-dependent selection of ECs that critically determines the cellularity of vessels, which in turn determines the rate of extension of sprouting vessels.
Tm4sf18-mediated positive-feedback temporally modulates EC decision-making
Our observations indicated that Tm4sf18 amplifies Vegfr activity to determine the number of ECs that achieve selection threshold. We therefore reasoned that Vegfr inhibition would severely disrupt EC selection in tm4sf18 -/-homozygous mutants, as ECs would no longer be able to achieve selection threshold in the absence of positive-feedback-mediated amplification of Vegfr signaling. To test this, we blocked EC Vegfr activity with low-dose inhibitor to putatively force ECs to be reliant on positive-feedback amplification of Vegfr activity. Indeed, upon Vegfr inhibition, not only was the emergence of the first selected ECs now greatly delayed in tm4sf18 -/-homozygous mutants ( Figure 4A -4B), this treatment also generated a large delay to the EC selection window ( Figure 4B ), independent of any effects on EC proliferation ( Figure 4C ). Hence, when Vegfr activity is limiting, Tm4sf18-mediated positivefeedback is critical to ensure timely EC selection and temporally defines the dynamics of EC lateral inhibition-mediated EC decision-making.
Positive-feedback generates lateral inhibition network robustness
A core feature of positive-feedback is that it contributes to the establishment of bistable networks, which in turn can confer robustness on cell state transitions by employing hysteresis [25, 26] . This reinforces robust cell identity decisions by ensuring that lower input signal levels are required to maintain an active cell state than were needed to drive the initial state transition. Further extension of the ODE modeling revealed that increasing levels of positive-feedback (as provided by Tm4sf18) generated such hysteretic dynamics during Vegfr-Notch-mediated lateral inhibition in silico ( Figure 4D ). However, the range of values that generated bistability was narrow ( Figure 4E ), which may potentially explain why the temporal dynamics of lateral inhibition are also severely disrupted in tm4sf18 +/-heterozygous mutants upon Vegfr inhibition ( Figure 4B ). To test these computational predictions that Tm4sf18-mediated positive-feedback could promote robustness of selected EC identity to variation in inductive signal, we waited until after ECs were selected for branching, i.e. already in ISV sprouts (>22 hpf), and hence already above selection thresholds of Vegfr activity. Then we determined the robustness of signaling to increasing concentrations of Vegfr inhibitor for 3h. In wild type and tm4sf18 +/-heterozygous embryos, Vegfr signaling was highly robust to partial inhibition of Vegfr, with no significant reduction in pErk levels observed upon incubation with 40 nM and 80 nM ZM323881 ( Figures 4F-4G ). In contrast, Vegfr signaling was no longer protected in tm4sf18 -/-homozygous mutant embryos and pErk levels were significantly disrupted upon incubation of embryos with low dose inhibitor. Hence, as predicted in silico ( Figure 4D -4E), Tm4sf18-mediated positive-feedback generates signal robustness reminiscent of a bistable network and buffers Vegfr signaling output to maintain robust angiogenic responses, despite fluctuations to input signal ( Figure 4H ).
Conclusions
Using an integrated in silico and in-vivo approach we provide evidence that Tm4sf18-mediated positive-feedback generates an ultrasensitive switch that directs the timing and robustness of angiogenesis. Recent work demonstrates that such temporal control of EC lateral inhibition ultimately defines the topology of vascular networks, with faster rates of tip EC selection dramatically increasing vessel network density [14] . As such, it will be critical to determine if Tm4sf18-mediated control of Vegfr activity and lateral inhibition underpin such modulation of vessel branch density in more complex vascular beds. Moreover, observations that positive-feedback confers robustness against fluctuations in Vegfr activity indicates that human TM4SF genes may be exploited in therapeutic contexts. For example, abnormally high levels of VEGFR signaling were recently shown to drive synchronous oscillations of Dll4 in neighboring EC, underpinning a switch from normal EC communal branching behavior to the pathological vessel expansion associated with human retinopathies [15] . Disruption of positive-feedback would significantly increase the threshold of VEGFR activity required to switch vessels to abnormal expansion, putatively blocking progression to synchronous oscillatory dynamics and defining a novel therapeutic approach to normalize branching.
Likewise, disruption of positive-feedback could increase the potency of existing VEGFRtargeting anti-angiogenic anti-cancer therapeutics by reducing the concentration of compound required to block functional angiogenesis. This is especially pertinent considering that a key complication of current anti-angiogenic therapeutics is the dose-limiting side-effects encountered with such drugs [40] . Overall, our observations reveal that the relatively slow dynamics of lateral inhibition-mediated cell fate decisions can be transformed into quick, adaptive and robust decision-making processes by simply incorporating positive-feedback.
Excitingly, this study suggests a new general mechanism for temporal adaptation of collective cell fate decisions by positive feedback.
[ [22, 30] . Briefly, embryos were mounted in 1% low-melt agarose in glass bottom dishes, which were subsequently filled with media supplemented with 0.0045%
1-Phenyl-2-thiourea and 0.1% tricaine. Embryos were imaged using a 20x dipping objectives on a Zeiss LSM 700 confocal microscope. Embryos were maintained at 28°C and stacks were recorded at every 0.3 h. Tracking of cell motility was performed in ImageJ using the manual tracking plugin. All cell tracking recordings were normalized at each time point relative to the position of the dorsal aorta to account for any dorsal or ventral drift of embryos during imaging.
Morpholino oligonucleotide (MO) injections. To knock down gene expression, embryos
were injected at the one-cell stage with 5 ng control MO, 5 ng dll4 MO or 3 ng of flt1 MO.
MO sequences were:
5'-ATATCGAACATTCTCTTGGTCTTGC -3' (flt1) [43] 5'-GTTCGAGCTTACCGGCCACCCAAAG -3' (dll4) [6] .
All MOs were purchased from Gene Tools. 
ODE model construction & simulation.
Interaction between two ECs at the growing end of the angiogenic front have been captured using coupled ordinary differential equations and the 2-cell model previously described [16] . Reactions for the ordinary differential equations of the 2-cell model were written following mass-action kinetics. Details of model construction, list of ODEs, reaction equations and parameters can be found in [16] . Positive-feedback between VEGF and a VEGF-induced/activated factor (P) is captured using the equation;
where 6 is the positive-feedback rate of P production and n captures the non-linearity of signaling between VEGF (V) sensing and P. Model simulations were performed using were normalized and quality controlled using GeneSpring GX software (Agilent). All probes with a green processed signal below 100 were considered as background. The TM4SF1/4/18 amino acid sequences from all 10 species were aligned using Clustal X2 [49] . The sequences were then manually trimmed of all sites that were not unambiguously aligned. Phylogenetic analysis of amino acid sequences was first performed using NL method implemented in ClustalX2, with outputs displayed using TreeView [50] .
Quantitative real-time PCR (qPCR
Confidence in the phylogeny was assessed by bootstrap re-sampling of the data. For ML tree, the JTT model of protein evolution was used in RAxML [51] with the proportion of invariable sites and gamma parameter estimated from the data, four categories of between-site rate variation; 100 bootstraps were used in the primary ML tree (final ML optimization likelihood:
-4945.841564).
Gene editing. TALENs were designed and constructed to target exon 1 of zebrafish tm4sf18 using online tools (https://tale-nt.cac.cornell.edu/node/add/talen) and as previously described The CRISPR target site within exon 2 of tm4sf18 (5'-CCTGTGTGTTCCTGGGAATG-3') was identified as previously [53] . gRNA and nls-zCas9-nls RNA were generated as previously Figure 3H ). Error bars:
mean ± SEM.
